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Abstract
To comprehend the role of water-based nanolubricant in micro flexible rolling, corresponding
characterisation with respect to different concentrations of nanolubricants, surface roughness variation
subjected to each micro flexible rolling phase and dispersion of nanoparticles (NPs) were studied
systematically. The results reveal that increasing NPs get trapped into the surfaces from the thicker zone to
the thinner zone. Downward transition zone with favourable deformation features leads to the smoother
surface roughness. Nanolubricants can effectively decrease rolling traces due to the beneficial
nanolubrication mechanisms. Notably, the maximum reduction for rolling force is around 18% for the case
under 2.0 wt.% nanolubricant rolling condition. The current study provides great potential insights in how
nanolubrication takes effect in microforming areas.
Keywords: Water-based nanolubricant; Micro flexible rolling; Surface roughness; Nanoparticles
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1 Introduction
Lately, microforming has drawn numerous attentions of scholars since there is an increasing demand of the
applications in micro-electromechanical systems (MEMS) including pure titanium foils [1, 2], copper foils
[3], micro flanges [4, 5], micro composite materials [6], contact springs and miniature screws [7]. One of
the most noticeable technologies to fabricate micro-parts is the micro flexible rolling which is capable of
producing thin strip with varying thickness along the longitudinal direction. Regarding this, the properties
of micro flexibly rolled products have been greatly investigated in terms of various aspects [8-10] related
to the microstructure, microtexture and mechanical properties of micro flexibly rolled strips under different
rolling and heat treatment schedules. It is noteworthy that lubrication is an indispensable factor to influence
the yield improvement, durability of machine and tools, energy consumption and surface finishing during
rolling process, and therefore it is necessary to conduct the investigation on the relationship between the
micro flexible rolling and lubrication mechanisms.
As an innovative lubricating technology, nanolubricant has been intensively investigated in recent years
owing to its potential and valuable properties in improving tribological features of lubricants. Based on
different additives with various performances and mechanisms, most nanoparticle additives for
nanolubricants can be classified as being latticed, tubed or spherical, in which typical categories relate to
metals [11, 12], metallic or non-metallic oxides [13-20], sulphides [21-25], fullerenes [26, 27] and
nanocomposites [28-34]. It is worth emphasising that lubrication with nanoparticle additives is a novel field
for engineering manufacture especially in rolling process. In the early period, oil-based nanolubricant was
proposed to carry out the deep understanding of the physicochemical properties during rolling process. This
kind of nanolubricant is evaluated by lubricating oil or grease and strongly dependent on conventional
lubrication mechanism including boundary, mixed, hydrodynamic lubrication regimes [35-38]. Based on
these theories, Xia et al. [39] performed the contact angle and scratch tests to analyse the influences of
nano-TiO2 additive in oil-based lubricant. The results suggested that nanoparticles (NPs) could effectively
improve the surface excess of oil if the NPs well dispersed in the droplets. Exploration of tribological
mechanism of oil-based copper nanolubricant was carried out by Liu et al. [12] on a pin-on-disk tester. The
obtained results showed that the addition of copper NPs into oil facilitated the mending effect, and the
diffusion point of the copper NPs had a great decline on account of nano-scale effect. Ali et al. [40] also
conducted valuable experimental work on the tribological properties on a ring/liner interface using a
tribometer with different kinds of oil-based nanolubricants, which aimed to mimic the practical contact of
the piston ring-cylinder liner in the engines. The results they obtained illustrated that the nanolubricants
used in their tests could effectively improve the tribological properties of the friction pairs in both wear and
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friction performance. In order to understand the character of fullerene NPs in the oil-based lubricant, Lee
et al. [41] conducted the disc-on-disc tests to investigate the direct and surface enhancement effects. The
results disclosed that the applied normal force had a more direct effect on the nanolubricants and lubrication
properties which could be greatly strengthened by nanoparticle abrasion accompanied by the occurrence of
surface modification.
However, there are some inevitable drawbacks when using oil-based nanolubricant including the
environmental pollution and recycling issues. In contrast, water-based nanolubricants have a great
competitive edge in both environmental friendliness and lubricating performance. Regarding this, it
becomes a hot topic to attract a growing investigation in a variety of tribological properties. For example,
water-based SiO2 nanoparticles/graphene additives were investigated by Xie et al. [29] with considering
the synergistic effects in Mg alloy rolling. They found that the hybrid SiO2/graphene nanolubricants could
present notable performance in reducing friction and load as well as enhancing the anti-wear behaviour.
Bao et al. [20] evaluated the performance of the water-based nano-SiO2 lubricant on surface finishing of
strips subjected to hot rolling. They analysed the topography, microstructure and oxide scale of rolled
surfaces and found that the surface topography turned into more smooth after applying nanolubricant when
the concentration of NPs was less than 0.5 wt.%. Meanwhile, the thickness of oxide scale was reduced and
accompanied by the refinement of microstructure near the surface layer. Water-based nanolubricants with
different kinds of NPs including Mg, Zn, Al and Ti borates were synthesised and compared by Saffari et al.
[42] with considering the influence of lubricant additive, in which a distinct tribo-film was found at the
contact interface under the high pressure and temperature states. After comparison, nanolubricant with
adding Ti borate exhibited the great promotion in tribological properties, which was supposed to be the
cause of its biodegradable behaviour.
To date, some scholars have reported the investigation of nanolubricants in conventional hot and cold
rolling processes, while the mechanisms existed in micro flexible rolling have been rarely involved.
Regarding this, it is imperative to systematically investigate the lubricating mechanisms during micro
flexible rolling process under NPs additives. In the current study, the role of water-based TiO2
nanolubricants in micro flexible rolling of aluminium strips is clarified with considerations of four
compositions of nanolubricants, lubricating performance, rolling force and surface roughness alteration in
various thickness zones and distribution of NPs deposited on the surfaces subjected to different deformed
surface areas and rolling phases in both rolling and transverse directions. Then, the corresponding
lubricating mechanisms are analysed and explicated specifically, which provides great insights in
understanding the role of nanolubrication in microforming industry.
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2 Experimental
2.1

Materials

Commercial 1060 pure aluminium was applied as the raw material in this study to eliminate the influences
caused by the alloy additives. The chemical compositions of the material have been reported in the previous
study [8]. The aluminium specimens with dimensions of 150 × 15 × 0.464 mm 3 were wire cut followed by
homogenously annealing at 500 °C with soaking for 2.5 h. In order to better present the surface roughness
alteration, the specimens were then sand blasted to obtain arbitrary topography but with consistent surface
conditions. Initial surface roughness values of work roll and specimen are 0.46 and 4.91 µm, respectively.
Their average hardness values are 730.0 HV for the work roll and 45.8 HV for the specimens. Fig. 1 shows
their laser morphologies and 3D surface topographies after observation. Prior to the tests, all the specimens
were carefully cleaned in acetone solution.

Fig. 1. Initial laser morphologies observation and 3D surface topographies for (a, c) workpiece and (b, d) work roll.

2.2

Nanolubricants preparation

TiO2 NPs (P25 sourced from Sigma-Aldrich™) with a particle size of approx. 20 nm were used in this
study. The preparation process of TiO2 water-based nanolubricants can refer to Ref. [43]. TiO2 NPs were
initially suspended into distilled water along with mechanical agitating. Polyethyleneimine (PEI) was
5

certified [44, 45] that it is an effective surfactant to disperse the nano-TiO2 suspension as well as provides
an electrostatic effect to prevent aggregation of nanoparticles. In this case, it was progressively dropped
into the solution based on the balance to the percentage of TiO2 NPs coupled with a high-speed centrifuge
of 20,000 rpm for 0.5 h to make a well-dispersed solution. In order to improve the viscosity of solutions
and smash the potential agglomeration, equivalent glycerol was then steadily added followed by
ultrasonically oscillating. Detailed chemical compositions of different types of lubrication conditions are
presented in Table 1. The dry and water lubrication conditions are regarded as benchmarks in contrast with
the water-based TiO2 nano-additive lubrications composing of 0.5 to 4.0 wt.% TiO2 NPs.

2.3

Micro flexible rolling

After preliminary work, the specimens were subjected to micro flexible rolling to obtain products with
varying thickness in the longitudinal direction. The micro flexible rolling tests were performed on a 2-high
precision laboratory micro rolling mill with work rolls of 35 mm in diameter and 45 mm in roll barrel length.
The micro rolling mill equipped with the high-precision piezoelectric based force sensor, which can
effectively achieve online roll gap adjustment by a self-designed PLC program. The illustrated system (Fig.
2) including electric actuators, drive motor, command-control panel and data acquisition etc. has been
reported in the previous study [10]. With the progress of micro flexible rolling, the roll lifting speed of work
roll can participate gradually into the deformation process based on the pre-set programs. In this case, the
micro flexibly rolled products will get three different thickness zones including the thicker zone, the
transition zone and the thinner zone. The dimensions and final properties of micro flexibly rolled products
are strongly dependent on the integrated factors including the rolling speed, the roll lifting speed and the
mechanical properties of work roll and specimens. For each rolling test, equal amount (8 ml) of water or
nanolubricant was used. The detailed micro flexible rolling schedule for current study is outlined in Table
2. The rolling speed was set at 60 cm/min, and the roll lifting speed was set at 400 µm/s. In this case, the
identical transition zone length and thickness ratio (the ratio of thickness at thicker zone to that of thinner
zone) will be obtained for each rolling condition. Thicknesses in the thicker and thinner zones were defined
as 435 and 338 µm, respectively.
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Fig. 2. Schematic illustration of micro flexible rolling system [10].

2.4

Characterisation and analytical approaches

Prior to the characterisation, all the specimens after micro flexible rolling were ultrasonically cleaned with
acetone solution for 2 min. To determine the phases of TiO2 NPs, powder X-ray diffraction (XRD) was
carried out by using a Philips PW1730 conventional diffractometer with Cu-K α radiation. Moreover, a
JEOL JEM-ARM200F transmission electron microscope (TEM) was utilised to observe the morphology
and distribution of various types of water-based lubricants with different compositions of TiO 2 nanoparticle
additives. Viscosity measurements for different kinds of nanolubricants were conducted on a rheometer
(AR-G2 TA Instrument) with a stainless-steel cone-plate (40 mm in diameter) at ambient temperature. Each
kind of nanolubricant was measured at least three times to ensure the repeatability. Meanwhile, the
procedure is greatly assisted using a KEYENCE VK-X100 3D laser scanning microscope to observe and
measure the 2D and 3D surface morphologies and topographies of micro flexibly rolled specimens, which
is capable of giving accurate information under various deformation and lubricating conditions. Schematic
diagram of the selected areas on specimens is shown in Fig. 3, which refers to the middle and edge areas of
thinner zones, upward and downward transition zones and thicker zones under a variety of lubrication
conditions. Measurements for each selected zone were conducted with three replicates. Amplitude
parameters including arithmetical mean surface roughness (𝑅 ), maximum valley depth (𝑅 ), maximum
height of the profile (𝑅 ) and skewness (𝑅 ) have been measured and calculated for the surfaces subjected
to micro flexible rolling under different kinds of lubrication conditions. Among them, 𝑅 was analysed for
all experimental specimens as it is the most widely used roughness parameter for surface roughness
examination. Furthermore, a JEOL® JSM-7001F field emission gun-scanning electron microscope (FEGSEM) equipped with a large area energy-dispersive X-ray spectroscopy (EDS) detector at an accelerating
7

voltage of 15 kV was used to gain additional information of the elements distribution and to further analyse
the micro morphology of different zones of micro flexibly rolled products.
Table 1 Various compositions of lubricants.

Lubricant category

Description

1

Dry

2

Water

3

0.5 wt.% TiO2 + 0.005 wt.% PEI +10 vol.% glycerol + balance

4

1.0 wt.% TiO2 +0.01 wt.% PEI +10 vol.% glycerol + balance

5

2.0 wt.% TiO2 +0.02 wt.% PEI +10 vol.% glycerol + balance

6

4.0 wt.% TiO2 +0.04 wt.% PEI +10 vol.% glycerol + balance

Table 2 Micro flexible rolling schedule.

Rolling parameter

Values

𝑅 of work roll (µm)

0.46

𝑅 of specimen (µm)

4.91

Rolling speed (cm/min)

60

Roll lifting speed (µm/s)

400

Thickness in thicker zone (µm)

435

Thickness in thinner zone (µm)

338
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Fig. 3. (a) Periodical rolling force as a function of time, and illustration of each thickness zone of micro flexibly
rolled strip and selected areas for the measurements of surface conditions and NPs distribution with the (b) front
view and (c) top view.

3 Results and discussion
3.1

Characterisation of nanolubricants

Fig. 4 shows the XRD pattern of the TiO2 NPs applied in this study. It is evident that two kinds of main
particle phases of the typical P25 TiO2, consisting of 75% of Anatase-type and 25% of Rutile-type are
detected after referring to the XRD standard atlas (JCPDS Nos. 21-1272 for Anatase-type and 21-1276 for
Rutile-type). Fig. 5 presents the TEM micrographs of TiO2 NPs distribution dispersed in the water-based
lubricants with mass concentrations of 0.5, 1.0, 2.0 and 4.0 wt.%, in which the spherical NPs with a diameter
of approximate 20 nm can be observed uniformly without noticeable agglomeration phenomenon. After
measurements, the viscosity values for each concentration of nanolubricant are 1.29 mPa ∙ s (0.5 wt.%),
1.40 mPa ∙ s (1.0 wt.%), 1.47 mPa ∙ s (2.0 wt.%) and 1.59 mPa ∙ s (4.0 wt.%), respectively.
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Fig. 4. XRD pattern of TiO2 NPs.

Fig. 5. TEM images of TiO2 NPs dried from different mass concentrations of water-based lubricants: (a) 0.5 wt.%,
(b) 1.0 wt.%, (c) 2.0 wt.% and (d) 4.0 wt.%.
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3.2

Effect of lubrication conditions

Fig. 6 shows the rolling force comparison of thinner zones obtained from micro flexibly rolled specimens
under different lubrication conditions. The reason for choosing thinner zone as the comparing area is that
this thickness zone suffers the largest plastic deformation which can present the most distinct variation of
surface alteration. It is clear that the highest rolling force can be found in the dry condition while rolling
under water condition can slightly reduce the rolling force. By contrast, water-based lubricants with TiO 2
NPs tend to reduce the rolling force to a larger extent than that under the dry and water lubrication
conditions. A falling trend of rolling force occurs firstly followed by a climbing trend for the lubrication
conditions from 0.5 to 4.0 wt.%. Among them, the rolling force under 2.0 wt.% lubricant case with an
average value of 2237.9 N illustrates the largest drop compared to the dry case (2729.8 N). This means
water-based lubricants with TiO2 nano-additive have made a great contribution to reducing energy
consumption during micro flexible rolling process. However, although rolling with a higher composition
of nano-additive, 4.0 wt.% lubricant cannot decrease the rolling force further but appearing a certain rise.
The reason to understand this has been reported that excessive NPs may concentrate in the process of
contact then provoking the phenomenon of aggregation [46]. The NPs remained in the aggregation region
can result in aggravated rubbing which causes increased friction coefficient and thus increases rolling force.
In addition, it has also been certified that lubricants with excessive NPs will hinder the stability of the
lubricating film [28], leading to a direct increase in wear and friction coefficient [31] which have a negative
effect on the rolling force during rolling process.

Fig. 6. Rolling force of thinner zone rolled under dry, water, 0.5 wt.%, 1.0 wt.%, 2.0 wt.% and 4.0 wt.% lubrication
conditions.
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Fig. 7 shows the surface roughness variation of specimens corresponding to the results in Fig. 6, from which
the surface roughness after rolling under all lubrication conditions decrease inevitably compared with the
initial condition (𝑅 = 4.91 µm) due to the high deformation acting on the workpieces. Among them,
rolling without lubricant illustrates the smallest surface roughness value while it gradually increases from
the case of dry to the case of lubrication with 2.0 wt.% water-based nanolubricant. It is supposed that more
slightly deformed asperities and imprint of roll may result in fewer real contact area [47] with relatively
high roughness value after ultrasonic cleaning and drying. Following this, a certain degree of decline in
roughness appears in the case of 4.0 wt.% water-based nano-additive lubricant. Some other amplitude
parameters after micro flexible rolling under different kinds of lubrication conditions can be found in Table
3, including 𝑅 , 𝑅 and 𝑅 . By comparison, it is clear that surfaces rolled under relatively high
concentrations of nanolubricants (2.0 wt.% and 4.0 wt.%) present similarly high roughness degree (𝑅
and 𝑅 ) as to the trend of 𝑅 . Additionally, 𝑅

values for all cases are negative, which coincides the rolling

features leading to the valley surface structure. The detailed surface morphologies and 3D surface
topographies after laser scanning are shown in Fig. 8. It is evident that 3D surface topographies obtained
from dry and water conditions (Fig. 8(d, e)) present fewer and smaller voids, which means a larger number
of asperities are crushed into flat ones. By contrast, more voids with larger size can be found on the surfaces
after rolling under nano-additive water-based lubricants, which is highly agreement with the data shown in
Table 3. One reason to understand this is that the more nanolubricants contribute to supporting the pressure
during rolling operation while most of them cannot stay or embed into the micro flexibly rolled surfaces
after ultrasonic cleaning due to the high level of roughness degree.

Fig. 7. Surface roughness of thinner zone rolled under dry, water, 0.5 wt.%, 1.0 wt.%, 2.0 wt.% and 4.0 wt.%
lubrication conditions.
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Table 3 Amplitude parameters after micro flexible rolling under different kinds of lubrication conditions.

Lubricant category

𝑅 (µm)

𝑅 (µm)

𝑅 (µm)

Dry

0.429

9.402

17.029

-1.784

Water

0.479

10.930

18.824

-2.598

0.5 wt.% TiO2

0.539

12.673

19.406

-2.714

1.0 wt.% TiO2

0.575

11.642

22.921

-2.225

2.0 wt.% TiO2

0.661

29.233

38.376

-3.525

4.0 wt.% TiO2

0.613

31.360

35.036

-3.208

𝑅

In fact, there are a number of hypothesises being proposed to clarify the mechanisms about lubrication in
relation to NPs as lubricant additive acting at the roll-strip contact interface. Among them, four main ones
include the rolling effect, the mending effect, the tribo-film effect and the polishing effect [18, 42, 43, 48,
49], which are schematically illustrated in Fig. 9. The rolling effect (Fig. 9(a)) has been accepted as a
manner to improve the load carry capacity by switching from the sliding friction to the rolling friction at
the contact interface. Under this mechanism, the tribological performance is supposed to be reinforced due
to the micro-bearing behaviour. It is also proposed that the rolling mechanism can only occur when the
rubbing surfaces possess the relatively higher hardness otherwise the NPs are supposed to be embedded
into the surface of the soft specimen [50]. For rolling process, work hardened surfaces after severe
deformation can strongly contribute to this mechanism. The mending effect (Fig. 9(b)) is supposed to fill
the NPs into the microdefects and play a role in repairing the micro-cracks or micro-damages by the ways
of desorption or deposition. It is believed that a smooth surface can be obtained, which can thus separate
the surfaces to reduce the friction during deformation process. For the tribo-film effect (Fig. 9(c)), it is the
most prevailing scheme to clarify the anti-wear as well as the reduction of friction phenomenon. Under this
mechanism, a thin but dense film with low shear is formed, which can effectively help prevent the direct
contact between the rubbing surfaces, leading to a low friction coefficient. As for the polishing effect (Fig.
9(d)), the NPs with higher hardness can play a role in influencing the softer surface roughness, which is
explained to emerge in the case of a relative speed occurring between roll and strip surfaces [51]. Then the
13

asperities at the contact interface are supposed to be polished and ground gradually, which has a great
improvement in smoothness of contact surfaces due to the decrease in asperity height. Different kinds of
mechanisms are closely related to different contacts and surface conditions including the asperities of the
tool and specimen, the shape and size of NPs and the viscosity of the solution added into the nanolubricants.
In most cases, the mechanisms occur not only with a single type but the synergism action will always be
detected. As to Fig. 8, it can be seen that there are apparent rolling traces on the surfaces after rolling under
dry, water and low composition of nanolubricants (0.5 and 1.0 wt.%), while this phenomenon becomes
weaker when the composition increases to higher compositions with 2.0 and 4.0 wt.%. The possible reason
to understand this is that the lubricants with higher compositions may trigger positive lubrication
effectiveness such as enhanced rolling and tribo-film effects to protect rolled surfaces from direct contact
at the roll-strip interface during or after deformation.
Fig. 10 shows the SEM images and EDS mappings of specimen surfaces micro flexibly rolled under four
kinds of nanolubricants. For the cases with lower fractions of TiO2 NPs, surfaces exhibit more deformed
characteristics but only with few dispersed NPs. Comparing with the lubrication conditions of 0.5 and 1.0
wt.% (Fig. 10(a-h)) showing many particle-depleted zones, more filled TiO2 NPs can be found on the
surface morphologies after rolling under 2.0 and 4.0 wt.% (Fig. 10(i-p)) nanolubricants. For the two cases
with larger compositions of NPs, there are a great deal of Ti element distribution which is supposed to be
the mending effect and tribo-film effect appearing near the remained valleys. As a result, the load at the
contact interface between the work roll and the specimen can be reduced, which leads to the diminution of
adhesion and ploughing characteristics in reducing the friction coefficient [12].
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Fig. 8. Laser morphologies and corresponding 3D surface topographies of thinner zone rolled under (a, d) dry, (b, e)
water, (c, f) 0.5 wt.%, (g, j) 1.0 wt.%, (h, k) 2.0 wt.% and (i, l) 4.0 wt.% lubrication conditions.
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Fig. 9. Speculative lubrication mechanisms of NPs as additives acting at the roll-strip contact interface: (a) rolling
effect, (b) mending effect, (c) tribo-film effect and (d) polishing effect.

Fig. 10. SEM images and EDS mappings of thinner zone rolled under (a-d) 0.5 wt.%, (e-h) 1.0 wt.%, (i-l) 2.0 wt.%,
and (m-p) 4.0 wt.% lubrication conditions.
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To better understand the mechanism of TiO2 NPs acting on rolled surfaces, the SEM images with higher
magnification (X10, 000) of the specimens lubricated by 2.0 wt.% TiO2 were obtained and shown in Fig.
11, in which the distribution of NPs on the surface and deposition trapped inside the surface valleys is
clearly observed. Fig. 11(b, g) gives the EDS spectra of the matrix and the elements of NPs. As for Fig.
11(a) in comparison to the EDS results (Fig. 11(c-e)), it can be found that most NPs are well dispersed with
few agglomeration and rolling traces on the surface, which is therefore firmly believed that spherical TiO 2
NPs in the lubricant behave with the rolling effect. This can significantly benefit to a great reduction of
friction coefficient. Fig. 11(f) shows clearly that the tribo-film effect has occurred on the surface by
comparing the EDS results in Fig. 11(g-j). This effect was verified that it has a positive influence on
suppressing the wear as well as the improvement of the durability for the contact surfaces. Possible reasons
proposed by Ali et al. [40, 52] are ascribed to tribochemical and electrostatic adhesion from the debris of
the base material and the NPs used in the manufacturing procedures. In addition, the deposition of NPs [53]
can also have an influence on reducing the shearing stress which contributes to decreasing the friction acting
on the surface layer.
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Fig. 11. The (a, f) surface and cross-section morphologies of SEM, (b, g) selected EDS spectra and the
corresponding EDS mappings of the SEM images with elements of (c, h) Al, (d, i) Ti and (e, j) O.

3.3

Alteration along the transverse direction

Fig. 12 shows the comparison of surface roughness of dry and 2.0 wt.% specimens along the transverse
direction. It can be found that relatively higher surface roughness obviously exists near the middle area
comparing to that near the edge area. The mechanism has been discussed in the previous study [8], which
is explained that a slight bending of the roll may invariably lead to less deformation of the strip near the
middle area along the strip’s transverse direction. In this case, a decreasing trend of surface roughness is
manifested from the middle area to the quarter area then to the edge area. The detailed surface conditions
in the middle and edge areas are shown in Fig. 13. By contrast, more rolling traces can be found on the
18

surfaces after the dry rolling process while the surfaces rolled under 2.0 wt.% nanolubricant present
smoother condition with fewer traces. This is because the surfaces rolling with nanolubricant are supposed
to suffer tribo-film or mending effects which can prevent the direct contact between the roll and strip.
Meanwhile, finer voids can be found near the edge area for both the dry and nanolubricant conditions,
which is supposed to the higher plastic deformation rate acting near this area.

Fig. 12. Surface roughness variation along the transverse direction of the thinner zone rolled under dry and 2.0 wt.%
lubrication conditions.

Fig. 13. Laser morphologies, corresponding height morphologies and transverse roughness near (a-c) middle and (gi) edge areas in the thinner zone under dry condition, and near (d-f) middle and (j-l) edge areas under 2.0 wt.%
lubrication condition.
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Fig. 14 shows the comparison of SEM images and EDS mappings between the middle and edge specimens
subjected to rolling under water-based nanolubricant. It is clear that both the middle and the edge specimens
present obvious TiO2 mending effects with the obvious filling phenomenon. In contrast, there are more NPs
remained in the middle area than those in the edge area, including both dispersing and filling characteristics.
This can be understood that the middle area of the roll-strip interface along the transverse direction can
provide more space to allow more action for nanolubricants due to the bending behaviour of the roll
mentioned in the previous context. In this case, a great number of NPs will aggregate in this area and act
on the filling and sliding behaviour, then resulting the mending and rolling effects. In addition, it is evident
that more flattened surface features can be observed in the edge area. This is also found by Jiang et al. [54]
who explained that it could easily intensify the roll edge wear, friction and contact force.

Fig. 14. SEM images and EDS mappings of thinner zone rolled near the (a-d) middle and (e-h) edge areas.

3.4

Alteration in different thickness zones

Fig. 15 shows the surface roughness alteration in the thinner zone (T1), transition zone subjected to upward
rolling phase (T2), thicker zone (T3) and transition zone subjected to downward rolling phase (T4) after
micro flexible rolling under dry, water and 2.0 wt.% lubrication conditions, respectively. By contract, it can
be seen that micro flexible rolling with water or without lubricant only presents a slight difference while
surface roughness of specimens after 2.0 wt.% lubrication always presents a relatively higher value in all
thickness zones. Obviously, the bigger difference can be found in the thinner and upward transition zones
while relatively lower difference occurs in the thicker zones and transition zones subjected to the downward
rolling phase. The low roughness values in the thinner zone should be mainly caused by larger rolling
reduction, leading to more plastic deformation which heavily crusts the asperity surfaces into more flat ones
in the thinner zones. It is interesting that the roughness in downward transition zone shows lower values
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comparing to the roughness in the upward transition zone. One possible reason can be inferred that the
different forward and backward slips and roll contact arcs will arise between the upward and downward
rolling phases [55], which will also influence the groove slope direction and stretched extension [56].

Fig. 15. The surface roughness alteration as a function of different thickness zones comprising the thinner (T1),
upward transition (T2), thicker (T3) and downward transition (T4) zones under dry, water and 2.0 wt.% lubrication
conditions.

Fig. 16 shows the SEM images and EDS mappings of specimen surfaces in the thinner zone, the upward
transition zone, the thicker zone and the downward transition zone after micro flexible rolling under 2.0
wt.% lubrication condition, which comprises the element distribution of both the substrate material (Al)
and additive NPs (TiO2). It can be observed that Ti and O mappings in each thickness zone imply that
remained volume of NPs after rolling increases with the deformation rate increases. Fig. 17 exhibits the
surface morphologies in different thickness zones between the specimens after micro flexible rolling with
dry and 2.0 wt.% lubrication conditions, in which an increasing trend of the surface roughness extent from
the thinner to the thicker zones is revealed while it becomes moderate for the surface rolled after downward
rolling phase. For both dry and 2.0 wt.% lubrication cases, the surfaces in the thicker zones are slightly
flattened and retain the most features of initial surface conditions with high, deep and wide asperities and
valleys. In contrast, most surface topographies in the thinner zones are considerably flattened with only few
relatively large V-grooves due to the large plastic deformation.
After comparing the laser surface morphology in the upward and downward transition zones, it can be
found that the smoother surfaces appear in the downward transition zone. Longer roll contact arc length
resulting from the downward rolling phase can be considered as a reason. The schematic diagram about this
is shown in Fig. 18 which clearly manifests the mechanism of roll-strip contact in the upward transition
zone (Fig. 18(a)) and the downward transition zone (Fig. 18(b)) in flexible rolling process. It can be clearly
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seen that longer transition zone will be produced after rolling in the downward rolling phase. Also, each
contact point in the downward rolling phase will experience a thickness decreasing period followed by a
slight thickness increasing period while it will only experience a relatively shorter thickness decreasing
period for the upward rolling phase. Regarding this, it is supposed to provide a direct evidence in reducing
the surface roughness degree in the downward rolling phase. In addition, the forward and backward slips
with the opposite directional friction forces concurrently act on the roll contact arc, which will indirectly
have an influence on decreasing the surface roughness at the surface layer. As a result, surface roughness
variation in different thickness zones is closely related to the deformation mechanisms in flexible rolling
process. This is strongly in accordance with that more flattened surface features are detected in downward
rolling phase (Fig. 17(m-p)) than those in the upward rolling phase (Fig. 17(e-h)) with relatively more initial
surface characteristics.

Fig. 16. SEM images and EDS mappings of thinner zone rolled in different thickness zones (a-d) T1, (e-h) T2, (i-l)
T3, and (m-p) T4.
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Fig. 17. Laser morphologies and corresponding transverse roughness in different thickness zones under dry ((a, b)
T1, (e, f) T2, (i, j) T3, (m, n) T4) and 2.0 wt.% ((c, d) T1, (g, h) T2, (k, l) T3, (o, p) T4) lubrication conditions.
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Fig. 18. The schematic diagram about the mechanism of roll-strip contact in (a) the upward transition zone and (b)
the downward transition zone of flexible rolling process.

4 Conclusions
The work described in this study is committed to understanding the role of water-based TiO2 nanolubricants
in micro flexible rolling process, which contributes to provide in-depth insights of nanolubrication in
microforming industry. After comparing and analysing the disparities with respect to rolling force,
lubricating performance, surface roughness alteration, NPs distribution, deformation features in different
thickness zones and their lubrication mechanisms, the following conclusions are drawn:
1. TiO2 NPs have a direct influence on the load carrying capacity of the water-based nanolubricant. In
particular, the nanolubricant with 2.0 wt.% TiO2 has the greatest influence on reducing the rolling force
(~18%). However, excessive percentage of NPs will weaken the lubrication performance.
2. Increased amount of NPs are trapped into the surfaces from the thicker zone to the thinner zone, which
is supposed to result from the various plastic deformation rate.
3. Smoother surface roughness is found in the downward transition zone than that in the upward transition
zone. The mechanism is explained that a longer roll contact arc can lead to more surface flattening
characteristics in the downward rolling phase.
4. More remained NPs are distributed near the middle area than those near the edge area along the
transverse direction of the specimen due to roll barrel bending phenomenon during rolling process.
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5. Few rolling traces and tribo-film are found when rolling with water-based nanolubricants, which is
supposed to be the provoking of the beneficial mechanisms including the rolling, mending, polishing
and tribo-film mechanisms.
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